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HOMOPOLAR MACHINE WITH SHAFT 
AXAL THRUST COMPENSATION FOR 
REDUCED THRUST BEARING WEAR AND 

NOISE 

BACKGROUND OF THE INVENTION 

The present invention relates to direct current machines, 
and more Specifically to homopolar machines. 

Homopolar machines are operated by direct current (DC) 
and are Simple in design principle. They have been under 
development for consideration in ship propulsion applica 
tions because of their high efficiency, compact size, low 
weight, and reduced acoustic Signature relative to all other 
motorS. 

AS is well known in the art, a homopolar machine 
includes four major components: armature, Stator; field 
coils, and flux return. The armature is connected to the 
machine’s shaft and may also be referred to as the rotor. The 
armature typically includes a Series of concentric, copper 
cylinders and is free to rotate in a direction at right angles to 
the magnetic field lines produced by the field coils. When a 
Voltage is applied across the armature in the direction of the 
shaft, electric current flows parallel to the shaft. The current 
and magnetic field interaction (IxB) results in torque gen 
eration and rotation, thus producing a motor. In contrast, if 
the armature is driven externally for a generator application, 
the interaction of the armature rotating at right angles to the 
magnetic field lines generates a Voltage and electric current. 

In both the motor and generator Scenarios, current flows 
along the armature and to the Stationary Stator via Sliding 
electrical contacts referred to herein as current collectors. 
The current collectors may also be commonly referred to as 
brushes, and may take the form of many materials. Such 
materials include but are not limited to flexible fibrous 
copper, flexible copper Strips, or as common to most DC 
motors, rigid material made from graphite or Silver-graphite. 

The field coils are typically circumferentially continuous 
in geometry and aligned on the same central axis with 
respect to each other. A homopolar machine always cuts (or 
crosses as it rotates) magnetic flux lines of a magnetic field 
in the same direction due to the interacting armature and 
shaft iron being aligned on the same axis. This means that 
any point on the rotor always sees the same magnetic field 
as it rotates and no difference in magnetic flux or multiple 
magnetic poles are encountered by conductive elements of 
the armature as it rotates. Hence the nomenclature "homopo 
lar machine'. 

The flux return is typically comprised of a highly mag 
netically permeable material Such as iron or Steel. The flux 
return is designed primarily to limit the undesirable Stray 
magnetic field that radiates from the machine, and therefore, 
it typically takes the form of a structural housing that 
Surrounds the motor. In addition, the flux return may also be 
designed to help direct the magnetic field lines produced by 
the field coils into the armature interaction region to improve 
the machine's flux utilization. 

Although conventional rotating machines are in wide use, 
most have inherent disadvantages associated with mechani 
cal bearing wear. For example, large machines Such as 
generators connected to turbines, as well as motors used for 
propulsion, use thrust bearings to react the induced axial 
mechanical forces on the shaft and to maintain a stable shaft 
axial position. The mechanical thrust that is induced on the 
shaft induces an axial thrust on the thrust bearing, which 
causes thrust bearing wear and noise. The mechanical thrust 
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2 
induced on the Shaft may be from many Sources. For 
example, in a generator application the induced thrust is 
caused by the axial pressure differential acroSS a connected 
turbine, and in a propulsion motor application the induced 
thrust is caused by the thrust exerted by the connected 
propulsor. If a homopolar machine was used in these 
applications, it would be prone to this Same type of problem. 
Ships, Submarines and airplanes all experience thrust bear 
ing forces within their propulsion Systems. The induced 
axial mechanical forces are also referred to herein as thrust 
bearing loads. 
AS thrust bearing loads increase, wear and tear and 

asSociated noise increase at a rate on the order of pressure 
cubed (i.e., p where p is pressure due to the thrust bearing 
load). This means that a reduction of pressure on the Shaft by 
two fold translates into a reduction of associated wear by 
eight fold. Such a reduction of pressure on the shaft would 
result in a thrust bearing lifetime of eight times its original 
lifetime. Thus, there is a need for a method and/or apparatus 
that helps to reduce thrust bearing loads in homopolar 
machines. 

A unique disadvantage of homopolar machines is that 
they tend to have lower reliability in comparison to Standard 
DC motorS. Specifically, homopolar machines use current 
collectors to transfer current between each rotating armature 
turn and each Stationary Stator turn. One limitation of the 
utility of homopolar machines is the heavy dependence on 
current collectors that are potentially unreliable, a large 
Source of efficiency loSS, and maintenance problems. 
An important factor in a current collector's performance 

is its contact pressure with the armature. Performance is 
measured in terms of current collector wear and current 
carrying capability. Maintaining an ideal contact preSSure is 
difficult because in a homopolar machine the current col 
lectors must be in the magnetic field Zone where the col 
lectors are Subject to bending and torque. Homopolar 
machines have been designed with mechanisms that help to 
maintain an ideal contact pressure, but these result in Size, 
weight, and cost penalties, and introduce new Sources of 
reliability problems. Thus, there is a need for a method 
and/or apparatus that helps to reduce the wear and tear of 
current collectors in homopolar machines. 

SUMMARY OF THE INVENTION 

The present invention advantageously addresses the needs 
above as well as other needs by providing an apparatus that 
includes a homopolar machine. The homopolar machine 
includes a shaft, an armature assembly coupled to the Shaft, 
an outer flux return that encloses the armature assembly, an 
inner flux return coupled to the Shaft, and means for pro 
ducing a magnetic field asymmetry within the inner flux 
return that produces an axial force on the shaft. 

Another aspect of the present invention provides a method 
of operating a homopolar machine. The method includes the 
Steps of energizing a first field coil in the homopolar 
machine to a first excitation level; and energizing a Second 
field coil in the homopolar machine to a Second excitation 
level that is different than the first excitation level to produce 
a magnetic field asymmetry within the homopolar machine 
that produces an axial force on a shaft of the homopolar 
machine. 
And another aspect of the present invention provides a 

homopolar machine that includes a Shaft, an armature 
assembly, an outer flux return, and a plurality of Stator 
current collector arrayS. The armature assembly is coupled 
to the Shaft and includes a plurality of armature conductor 
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turns. The outer flux return encloses the armature assembly. 
The plurality of Stator-current collector arrays are coupled to 
the outer flux return and encircle the armature assembly. 
Each Stator-current collector array includes a plurality of 
current collectors that maintain Substantially constant con 
tact pressure with the armature conductor turns in the 
presence of high magnetic fields to provide a sliding elec 
trical current interface with the armature conductor turns. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other aspects featured and advantages of 
the present invention will be more apparent from the fol 
lowing more particular description thereof presented in 
conjunction with the following drawings herein; 

FIG. 1 is a perspective view illustrating the main com 
ponents of a homopolar machine in accordance with the 
present invention; 

FIG. 2 is a top planar cross-sectional view of the homopo 
lar machine of FIG. 1; 

FIG. 3 is a side view illustrating a homopolar machine in 
accordance with the present invention having an external 
thrust bearing; 

FIG. 4 is a partial top planar cross-sectional view of the 
homopolar machine of FIG. 1 illustrating the pair of field 
coils energized to equal but opposite polarity amp-turns and 
the resulting magnetic fields; 

FIG. 5 is a partial top planar cross-sectional view of the 
homopolar machine of FIG. 1 illustrating the pair of field 
coils energized to different amp-turns relative to each other 
causing a magnetic flux asymmetry that produces a com 
pensating axial force in accordance with the present inven 
tion; 

FIG. 6 is a partial side view taken along line 6-6 in FIG. 
2 illustrating one complete Stator-current collector assembly 
and part of an armature assembly that may be employed in 
the homopolar machine of FIG. 1; 

FIG. 7 is an end view as seen from line 7-7 in FIG. 6 of 
part of the Stator-current collector assembly and armature 
shown in FIG. 6; 

FIG. 8 is a perspective view illustrating a ten conductor 
turn armature assembly that may be used in accordance with 
the present invention; 

FIG. 9 is a close-up perspective View illustrating a portion 
of the ten conductor turn armature assembly shown in FIG. 
8; and 

FIG. 10 is a close-up perspective view illustrating the 
stator-current collector array shown in FIG. 8. 

Corresponding reference characters indicate correspond 
ing components throughout Several figures. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

The following description of the presently contemplated 
best mode of practicing the invention is not to be taken in a 
limiting Sense, but is made merely for the purpose of 
describing the general principle of the invention. The Scope 
of the invention should be determined with reference to the 
claims. 

In accordance with the principles of the present invention, 
a homopolar machine is described that addresses the prob 
lems discussed above with respect to thrust bearing wear and 
current collector performance. 

With respect to thrust bearing wear, a homopolar machine 
in accordance with the present invention, designed as either 
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4 
a motor or a generator, produces an axial counterforce on the 
rotating shaft to compensate for the load on the shaft's thrust 
bearing to reduce wear and noise and prolong bearing life. 
The counterforce relieves the thrust bearing load and is 
produced through magnetic interaction between the shaft 
and the machine's field coils. As will be discussed below, 
this is accomplished by positioning part of the machine's 
iron flux return on the shaft (herein referred to as the inner 
flux return), which magnetically couples with the magnetic 
field produced by the field coils. An axial force is produced 
on the Shaft by adjusting the magnetic field produced by the 
field coils by adjusting the current flow through the field 
coils to different levels. This can be accomplished without 
affecting the machine's torque, as long as the ampere-turns 
change in one coil is maintained equal and opposite of the 
ampere-turns change in the other coil. 
AS mentioned above, a bearings wear rate or “life” 

reduces exponentially with the load or force on the bearing, 
So even fractional reductions in bearing load can prolong a 
bearing's life Significantly. An additional benefit of reduced 
preSSure on the thrust bearing is also reduced acoustic noise, 
an important factor in applications that require quieter 
running machines, Such as Submarine propulsion Systems. 
With respect to current collector performance, a homopo 

lar machine in accordance with another aspect of the present 
invention has a configuration that uses current collectors that 
maintain Substantially constant contact preSSure in the pres 
ence of high magnetic fields. This is because the magnetic 
field lines are oriented in Substantially the same direction as 
the direction of current flow, so the IXB force that would 
disturb the contact pressure is minimized. AS will be dis 
cussed below, the current collectors are flexible and may be 
made from either electrically conductive fibers or stacked 
StripS Such that they bear up against the armature So that the 
preSSure is maintained by the Spring constant of the current 
collector material. 

Referring to FIGS. 1 and 2, there is illustrated a homopo 
lar machine 100 in accordance with the present invention. 
The homopolar machine 100 may be operated as either a 
direct current (DC) motor or a generator. In general, the 
homopolar machine 100 includes an outer flux return 102, a 
shaft 104, an armature assembly 106, several stator-current 
collector arrays 108, and two field coils 110, 112. The 
preferred geometry of the homopolar machine 100 is such 
that the pair of field coils 110, 112 are circumferentially 
shaped and are mounted in line (along a common Z-axis) 
with the armature assembly 106 located between them. The 
outer flux return 102 substantially surrounds all the compo 
nents. By way of example, the homopolar machine 100 may 
have a radius of approximately 0.5 meters. 
The outer flux return 102 is preferably substantially 

cylindrical in Shape and is constructed from a material with 
high magnetic permeability, Such as but not limited to, iron 
or steel. The outer flux return 102 encloses the machine 
100's internal components and substantially reduces the 
amount of magnetic flux radiating from the machine. The 
outer flux return 102 may serve as a substantial structure that 
reacts the machine's torsional and magnetic loads and may 
be augmented with additional structural reinforcement 114. 

The shaft 104 is supported by radial bearings 116 and a 
thrust bearing 118. As shown in FIG. 2, the thrust bearing 
118 is internal to the homopolar machine 100. Alternatively, 
FIG. 3 illustrates the scenario where a thrust bearing 119 is 
external to a homopolar machine 101, being part of an 
interconnecting drive-train. The thrust bearing 119 main 
tains the axial position of a shaft 105. 
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The armature assembly 106 and the stator-current collec 
tor arrays 108 are preferably comprised of electrically 
conductive elements made from copper, copper alloy, or 
other materials with Similar electrical properties. The arma 
ture assembly 106 preferably includes a plurality of stacked 
armature electrical conducting turns 120, 122, 124, 126, 128 
separated by electrical insulation 130. The plurality of 
armature conducting turns 120, 122, 124, 126, 128 are 
essentially Stacked concentric cylinderS having a Squared-U, 
radial-axial cross-sectional shape as shown. Each of the 
conducting turns may be comprised of a Single element or a 
plurality of elements. In the example shown, the armature 
assembly 106 includes five conducting turns 120, 122, 124, 
126, 128. It should be well understood, however, that the 
armature assembly 106 may include any number of con 
ducting turns. Furthermore, each armature conductor turn 
120, 122, 124, 126, 128 is preferably distributed symmetri 
cally around the circumference, therefore resulting in a 
substantially uniform electric current distribution around the 
circumference. 

The armature conducting turns 120, 122, 124, 126, 128 
conduct current to Several current collectorS 132 and Stator 
conductor turns 134 that are electrically connected in Series 
between the armature conducting turns 120, 122, 124, 126, 
128 to form one of the stator-current collector arrays 108. A 
plurality of stator-current collector arrays 108 are preferably 
distributed circumferentially and Symmetrically around the 
armature assembly 106 to form the stator. This distribution 
aids in the desired circumferentially uniform distribution of 
current throughout all the electrically conductive elements 
of the machine. The uniformity of current distribution cir 
cumferentially around the machine is desirable to prevent 
thermal hot Spots and noise harmonics. The electric current 
carrying elements may be water-cooled via internal cooling 
channels, cooled by direct Spray of a liquid coolant com 
patible for use with exposed electrical conductors, forced air 
or internal circulated gas, or any combination of these 
methods. Such methods would be chosen based on the 
requirements and heat dissipation characteristics of the 
machine. 

The field coils 110, 112, which provide the background 
magnetic field, may be resistive electromagnet coils or 
Superconducting coils. AS will be discussed below, the 
strength of each of the field coils 110, 112 is varied, and 
therefore, permanent magnets are not used for the field coils 
110, 112. Preferably, the field coils 110, 112 are circumfer 
entially continuous in geometry and are Superconducting 
coils that are formed from circumferentially wrapped elec 
trically Superconducting wire. Superconducting coils are the 
preferred choice due to the higher magnetic fields that may 
be produced, which results in a Smaller and lighter motor. 
Superconducting wire provides Zero or nearly Zero electrical 
resistance when cooled to low temperatures. This property 
allows more electrical current to flow through the coils as 
compared with ordinary wire, Such as copper wire, which 
allows higher magnetic fields to be produced to obtain more 
powerful machines for a given size and weight. Thus, 
Superconducting coils do not contribute Significantly to the 
inefficiency of the machine. 

For each of the field coils 110, 112 that is manufactured 
from Superconducting wire, a field coil cryostat 136 is 
provided that is essentially a vacuum vessel. The vacuum 
vessel has disposed within it the field coils 110, 112, which 
are structurally Supported by cryostat cold-to-warm Support 
structures 138. The field coil cryostat 136 will be discussed 
in further detail below. 

In accordance with the present invention, an inner flux 
return 140 is positioned around the inner perimeter of the 
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6 
armature assembly 106. The inner flux return 140 is pref 
erably cylindrical in Shape and is constructed from a mate 
rial with high magnetic permeability, Such as but not limited 
to iron, Steel or other ferromagnetic material. The inner flux 
return 140 is mechanically coupled to the machine shaft 104 
via a shaft Structure 142 and is encircled by the armature 
assembly 106, i.e., circumferentially surrounded by the 
armature assembly 106. The armature assembly 106 and the 
inner flux return 140 both comprise a rotor assembly, which 
is rotationally disposed within the Stator (i.e., the plurality of 
stator-current collector arrays 108). The inner flux return 
140 plays an important role in the present invention in that 
it Serves a dual role of producing the axial compensating 
force and directing the magnetic flux across the armature 
assembly 106 and stator to maximize flux coupling for 
higher power utilization. 
The field coils 110, 112, outer flux return 102, armature 

assembly 106, stator current collector arrays 108, and inner 
flux return 140 are preferably configured in a cylindrical 
geometry and assembled So they all share a common central 
geometric axis 144. The common central geometric axis 144 
is also coincident with the rotational axis of the shaft 104 
and the central magnetic axis of the field coils 110, 112. 
During operation, the field coils 110, 112 are energized so 
that their polarities are opposite, causing their magnetic flux 
lines to repel and deflect into the inner flux return 140 and 
outer flux return 102, and across the armature assembly 106 
and Stator-current collector arrayS 108. Because the mag 
netic fields are uniformly distributed in the circumferential 
direction, no difference in magnetic flux or multiple mag 
netic poles are encountered by conductive elements of the 
armature assembly 106 as it rotates, thus functioning as a 
homopolar machine. 
The outer flux return 102 and the inner flux return 140, 

being constructed from high magnetically permeable 
material, direct the magnetic field generated by the field 
coils 110, 112 Substantially towards the region disposed by 
the armature assembly 106. The field lines generated by the 
field coils 110, 112 are also directed so that they are 
substantially parallel to the outward radial direction of 
current flow through the current collectors 132. This mini 
mizes any forces generated within the current collectorS 132 
that arise from current flow that is non-parallel to the field 
lines, which minimizes current collector deflections in the 
circumferential direction. These deflections can disturb the 
contact pressure between the current collector and the arma 
ture. 

When the homopolar machine 100 is operated as a motor, 
current is Supplied to the rotating armature assembly 106 
from the stationary stator via the current collectors 132 
located between the armature and the stator. The motor 
torque is developed as electric current flows at right angles 
to the flux generated by the stationary field coils 110, 112. 
When the homopolar machine 100 is operated as a generator, 
the mechanically-driven rotating armature assembly 106 
generates current as its conductive elements are moved at 
right angles to the flux, and the current is transported to the 
Stationary Stator via the current collectorS 132. 

In accordance with the present invention, the homopolar 
machine 100 is capable of producing an axial force on the 
shaft 104 to compensate for external axial forces imposed on 
the shaft 104. As described above, Such external axial forces 
can be caused, for example, by a connected propulsor in a 
ship motor Scenario. In general, the compensating axial 
force is created by changing the current excitation of the 
field coils 110, 112, which results in an axial magnetic flux 
asymmetry in the inner flux return 140. 
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Referring to FIG. 4, when both identical field coils 110, 
112 are energized to the same level of current but with 
opposite polarity, they each produce an equal but opposing 
magnetic field as shown. The inner flux return 140 deflects 
the magnetic field lines So that they are focused more 
Strongly in the armature assembly 106 interaction region. 
Furthermore, the field lines are oriented Substantially paral 
lel to the direction of the current flow in the stator-current 
collector arrays 108 region (radially outward). This orien 
tation minimizes the force exerted on the current collectors 
132 in the circumferential direction by minimizing the 
current and field line (IxB) force. By way of example, the 
illustrated homopolar machine 100 may have an outer 
diameter of 1 meter and be capable of producing 5000 HP 
at 1200 rpm, and in this particular example, the field coils 
110, 112 are both energized to produce 1.5x10 Amp-turns. 

Referring to FIG. 5, by altering the current flow in the 
field coils 110, 112 so the current flows (or amp-turns) are 
different from each other, the homopolar machine 100 
produces a compensating axial force 141 on the Shaft 104. 
When the field coils 110, 112 are energized to different 
amp-turns levels relative to each other, an axial flux asym 
metry is caused that produces the axial force 141 on the 
inner flux return 140 mounted to the shaft 104. External 
axial forces 143 imposed on the shaft 104 are compensated 
by the force 141 generated in the inner flux return 140 by the 
asymmetric magnetic flux. The direction of the compensat 
ing axial force 141 is selected to be opposite that of the thrust 
bearing load. The force 141 is reacted by the thrust bearing 
118, and also by the field coils 110, 112, and into the outer 
flux return 102 through various interconnecting elements. 
The compensating axial force 141 helps to reduce thrust 
bearing wear and increases thrust bearing reliability. 

FIG. 5 illustrates the intended effect where the current in 
one field coil 110 is raised by 10% and the current in the 
other field coil 112 is lowered by 10%. In this particular 
example, the first field coil 110 is energized to 1.35x10 
Amp-turns (Peak Field=4.9 Tesla) and the second field coil 
112 is energized to 1.65x10 Amp-turns (Peak Field=6 
Tesla). The peak magnetic field in the stronger coil 112 is 
about 6 Tesla, and the average coil current density in it is 
about 10kA/cm. These are reasonable parameters for a low 
temperature Superconducting coil. In this case, the axial 
force 141 induced on the shaft 104 by the flux asymmetry is 
predicted to be 20,000 lbs. 

The current in the field coils 110, 112 can be altered to 
produce this compensating force 141, while the total inte 
grated magnetic field-length product through the armature 
remains constant. This means that the rotational torque, and 
therefore the rotational Speed of the homopolar machine 
100, need not be interrupted. 

Thus, the stationary electromagnetic field coils 110, 112 
produce all the magnetic flux necessary for the machine to 
develop power, and a Substantial fraction of this flux is 
coupled to the inner flux return 140 that is positioned 
between the field coils 110, 112 and mounted on the rotating 
shaft 104. An axial asymmetry in the flux distribution is 
created by energizing the field coils 110, 112 to different 
levels, which results in an induced axial force 141 on the 
rotating shaft 104. The asymmetric axial flux that is created 
by the field coils 110, 112 is produced by raising the 
excitation of one field coil and lowering the excitation of the 
other field coil approximately by the same amount, So the 
total flux acroSS the armature and Stator interaction region 
remains constant or Substantially constant. This allows the 
shaft 104's induced axial force 141 component to be varied 
while the shaft's rotational torque is not affected. The 
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8 
direction of the induced axial force 141 is selected to 
compensate for mechanical thrust induced on the shaft 104. 
The present invention does not rely on additional auxil 

iary coils since the main field coil pair 110, 112 performs the 
dual function of producing magnetic flux for rotational 
torque and axial thrust. Furthermore, it is not necessary to 
vary the mechanical positioning offset of the shaft 104 
relative to the field coil alignment. The homopolar machine 
100's magnetic flux path is also designed to minimize 
magnetically induced forces that may upset the mechanical 
preSSure exerted by the current collectorS 132 on the arma 
ture assembly 106. 

Referring to FIG. 6, there is illustrated a top view, looking 
down on the Surface of the rotor, of one complete Stator 
current collector array 158 and part of the armature assem 
bly 106. The illustrated example is for an armature assembly 
106 with five armature conductor turns 120, 122, 124, 126, 
128. Again, it should be well understood that the armature 
assembly 106 may have a different number of armature 
conductor turns. The stator-current collector array 158 
includes stator conductor turns 146,148, 150, 152,154, 156, 
159,160,162,164, 165,167. Several stator-current collector 
arrays 108, like the array 158, are arranged circumferentially 
around the homopolar machine 100 to distribute the current. 

FIG. 7 illustrates an end view of a portion of the stator 
current collector array 158 and the armature conductor turn 
120. The stator conductor turns 148, 160 are electrically 
connected to their corresponding circumferential busbar 
166, while the other illustrated Stator conductor turns 146, 
150, 152, 154, 156, 162 are electrically insulated from the 
busbar 166 with electrical stator turn-to-turn insulation 168. 
The stator conductor turns 146,150, 152, 154, 156, 162 are 
electrically insulated from the busbar 166 because they 
correspond to busbars associated with other armature con 
ductor turns. Specifically, the stator conductor turn 150 
corresponds to a bus bar (not shown) associated with the 
armature conductor turn 122, the stator conductor turn 152 
corresponds to a bus bar (not shown) associated with the 
armature conductor turn 124, the stator conductor turn 154 
corresponds to a bus bar (not shown) associated with the 
armature conductor turn 126, and the Stator conductor turn 
156 corresponds to a bus bar (not shown) associated with the 
armature conductor turn 128. In the illustrated embodiment, 
pairs of Stator turns connect to a common busbar. For 
example, the stator conductor turns 148 and 160 are elec 
trically in parallel and connect to the busbar 166. 
The busbar 166 includes five current collectors 132 that 

conduct current to or from the armature conductor turn 120. 
It should be well understood, however, that any number of 
current collectors 132 may be attached to the busbar 166. 

Referring to FIGS. 6 and 7 together, DC electric current 
is routed through the stator terminals 170, 171, 172, 173 
Such that current flows between the positive (+) terminals 
170, 171 and negative (-) terminals 172,173. Specifically, 
current that enters the positive (+) terminals 170, 171 flows 
through the stator conductor turns 146, 159, then through a 
circumferential busbar (not shown), then through a current 
collector (not shown), then through the armature conductor 
turn 120, then through the current collectors 132, then 
through the circumferential bus bar 166, then through the 
stator conductor turns 148, 160, and continues in a similar 
manner through the remaining armature conductor turns 
122, 124, 126, 128, and out the negative (-) terminals 172, 
173. 

In accordance with the present invention, the current 
collectors 132 comprise a flexible electrically conductive 
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material, Such as but not limited to, electrically conductive 
fibers or foils made from copper or copper alloys or Stacked 
strips. The current collectors 132 are configured to exhibit a 
Spring rate that results in an applied pressure on the armature 
conductor turn 120 when solidly connected to the circum 
ferential busbar 166. Furthermore, the current collectors 132 
are configured to be free to bear up against the Outer edge of 
the armature turn 120’s Smooth Surface. Thus, the current 
collectors 132 are flexible such that they bear up against the 
armature So that the pressure is maintained by the Spring 
constant of the current collector material. 

As the current collectors 132 wear, the pressure will be 
relaxed only partially because each current collector is 
flexible Owing to its Spring constant. The current collector 
preSSure, however, can be undesirably affected by forces 
generated on it due to current flowing through it in the 
presence of a magnetic field. In the present invention, the 
flux return geometry and field coil configuration are 
designed So that the magnetic field lines are Substantially in 
the same direction as the direction of the current flow 
through the current collectors 132, i.e., radially outward. 
Since the current flowing through the current collectors 
passes Substantially parallel to the field lines, minimal force 
(IxB) is induced on the flexible collectors 132. The force is 
minimal enough such that the flexible collectors 132 are not 
deflected enough to change the contact pressure enough to 
Significantly degrade performance. 

The wear rate, electrical resistance losses, and friction 
losses at the current collector 132 and armature conductor 
turn 120 interface can be mitigated by the presence of a 
controlled atmospheric chemical composition within the 
machine enclosure, or by the addition of moisture in the 
armature region in the form of water humidity or direct 
wetting with a liquid compatible for use with exposed 
electrical conductors. 

As mentioned above, the armature assembly 106 may 
have any number of armature conductor turns, and there may 
be any number of current collectors 132 attached to the 
busbar 166. By way of example, FIG. 8 illustrates an 
armature assembly 200 and a stator-current collector array 
202 that may be used in accordance with the present 
invention. Although the armature assembly 200 would typi 
cally be encircled by Several Stator-current collector arrayS, 
only the one stator-current collector array 202 is illustrated. 

The armature assembly 200 includes ten armature con 
ductor turns 206, 208, 210, 212, 214, 216, 218, 220, 222, 
224. The front portion of the stator-current collector array 
202 includes stator conductor turns 226, 228, 230, 232, 234, 
236, 238, 240, 242, 244, 246, and the terminals 248, 250. 
Referring to FIG. 9, the stator conductor turns 226,228,230, 
232, 234, 236, 238, 240, 242, 244, 246 are electrically 
coupled to the busbars 252, 254, 256, 258, 260, 262, 264, 
266, 268,270, 272, respectively. The stator conductor turns 
228, 230, 232, 234, 236, 238, 240, 242, 244, 246 are also 
electrically coupled to the busbars 274,287, 285,283,281, 
279, 277, 275, 273, 272, respectively. Furthermore, the 
stator conductor turns 228, 276 are electrically coupled to 
the busbars 274 and 254. 

Referring to FIG. 10, each of the busbars includes ten 
current collectors attached thereto. For example, the busbar 
274 includes the ten current collectors 278, 280, 282, 284, 
286, 288, 290, 292, 294, 296, and the busbar 252 includes 
the ten current collectors 298,300, 302,304,306, 308,310, 
312, 314, 316. Thus, any number of current collectors may 
be attached to the busbars in accordance with the present 
invention. The current collectors are attached to the busbars 
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by means of brush mounts (also referred to as brush holders 
or brush mount interfaces). For example, the current collec 
tor 298 is attached to the busbar 252 by means of the brush 
mount 320, and the current collector 278 is attached to the 
busbar 274 by means of the brush mount 322. 

With respect to the field coils 110, 112, Superconducting 
coils are typically constructed by winding Superconducting 
wire. They may be categorized as low temperature 
Superconductors, which typically must operate in the range 
of 4 K to 12 K, or high temperature Superconductors, which 
may be capable of operating at temperatures up to 80 K. 
Typical materials for low temperature Superconductors 
included niobium titanium (NbTi) or niobium and tin 
(Nb Sn), both of which are typically formed in a matrix with 
copper or copper alloys to form wire. High temperature 
Superconductors use other constituents, Such as bismuth or 
yitrium formed in a metal matrix, typically Silver. 

Superconducting coils, either high or low temperature, are 
typically structurally Suspended within a cryostat. A cryostat 
is comprised of a vacuum vessel and a Support Structure that 
Suspends the coil within it So minimum heat flows into the 
coil from the Structure. The Support Structure itself is typi 
cally strong enough to Support the coil against various forces 
that may be present. The field coils 110, 112 may be cooled 
within the cryostat 136 by a cryogenic fluid such as liquid 
helium which typically operates at a temperature of 4.2 K, 
or other cryogenic fluids can be used Such as liquid nitrogen 
at 77 K, if the Superconducting coil is designed to operate at 
that temperature. The field coils 110, 112 may also be cooled 
by devices known as cryocoolers, which are closed cycle 
cryogenic refrigeration devices that can lower the field coils 
temperature to the required level. 
With respect to the field coil cryostat 136, the cryostat 

cold-to-warm support structure 138 is preferably comprised 
of materials Strong enough to physically Support the field 
coil 110, 112 while minimizing the amount of heat that can 
flow to it from the vacuum vessel, which is at room 
temperature. Because they are Superconducting coils, the 
field coils 110, 112 are at a much colder temperature, 
typically in the range of 4 K to 12 K for low temperature 
Superconductors and up to 80 K for high temperature 
Superconductors. 

Each of the field coils 110, 112 may be cooled by 
connecting them to devices called "cryocoolers' via ther 
mally conducting links (not shown). The cryocoolers are 
generally part of a closed cycle refrigeration System. 
Another method that can be used to cool the field coils 110, 
112 to required temperature makes use of another vessel (not 
shown) disposed between the coil and the vacuum vessel. 
The vessel is filled with a liquid cryogen, Such as but not 
limited to liquid helium, liquid hydrogen, or liquid nitrogen, 
depending on the temperature requirements of the Supercon 
ductor material used in the field coils 110, 112. In either 
method, a cryostat thermal shield 174, comprising a ther 
mally conductive material Such as but not limited to copper 
or aluminum, is preferably disposed between the cryostat 
vacuum vessels and the field coils 110, 112. The cryostat 
thermal shield 174 is attached to the cryostat cold-to-warm 
Support Structure 138 to intercept heat conducted and radi 
ated inward from the cryostat vacuum vessel walls and the 
field coil current leads 176 that would otherwise leak into the 
field coils 110, 112. 
The heat is intercepted at thermally conductive mechani 

cal connections 178 between the cryostat cold-to-warm 
support structure 138 and the cryostat thermal shield 174, 
and also at an electrically insulated but thermally conductive 
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mechanical connection 180 between the field coil current 
leads 176 and the cryostat thermal shield 174. The inter 
cepted heat is removed by the cryocooler (not shown) which 
is connected to the thermal shield 174, or in the case where 
a second inner vessel filled with liquid cryogen is used (not 
shown), the heat may be removed through conduction of the 
cryogen's boil-off gases that would be routed through a 
thermally conductive material attached to the cryostat ther 
mal shield 174. The field coil cryostats 136 are mechanically 
supported by the outer flux return 102 via the cryostat 
mounts 182. 
While the invention herein disclosed has been described 

by the Specific embodiments and applications thereof, 
numerous modifications and variations could be made 
thereto by those skilled in the art without departing from the 
Scope of the invention Set forth in the claims. 
What is claimed is: 
1. An apparatus that includes a homopolar machine, the 

homopolar machine comprising: 
a shaft; 
an armature assembly coupled to the Shaft; 
an outer flux return that encloses the armature assembly; 
an inner flux return coupled to the shaft; and 
means for producing a magnetic field asymmetry within 

the inner flux return for generating an axial force on the 
shaft to compensate an external axial force imposed on 
the Shaft against a thrust bearing. 

2. An apparatus in accordance with claim 1, wherein the 
homopolar machine further comprises: 

a thrust bearing configured to bear a thrust bearing load 
induced on it by mechanical forces induced on the 
shaft, wherein the axial force on the shaft relieves at 
least a portion of the thrust bearing load. 

3. An apparatus in accordance with claim 1, wherein the 
apparatus further comprises: 

a thrust bearing configured to bear a thrust bearing load 
induced on it by mechanical forces induced on the 
shaft, wherein the axial force on the shaft relieves at 
least a portion of the thrust bearing load. 

4. An apparatus in accordance with claim 1, wherein the 
means for producing a magnetic field asymmetry comprises: 

first and second field coils located within the outer flux 
return and on opposite sides of the armature assembly, 
wherein the first field coil is energized to a different 
level than the Second field coil to create the magnetic 
field asymmetry. 

5. An apparatus in accordance with claim 4, wherein an 
excitation level of the first field coil is raised and an 
excitation level of the second field coil is lowered by 
Substantially equal amounts So that an integrated magnetic 
field-length product through the armature assembly remains 
Substantially constant. 

6. An apparatus in accordance with claim 4, wherein the 
first and Second field coils are cylindrically shaped and are 
Spaced apart with a common central magnetic axis. 

7. An apparatus in accordance with claim 4, wherein the 
first and Second field coils are of opposite polarity when 
energized with electric current. 

8. An apparatus in accordance with claim 4, wherein the 
first and Second field coils comprise Superconducting coils. 

9. An apparatus in accordance with claim 1, wherein the 
inner flux return comprises a ferromagnetic material. 

10. An apparatus in accordance with claim 1, wherein the 
inner flux return comprises a cylindrical shape. 

11. An apparatus in accordance with claim 1, wherein the 
inner flux return is encircled by the armature assembly. 
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12. An apparatus in accordance with claim 1, wherein the 

inner flux return is mechanically coupled to the Shaft via a 
shaft Structure. 

13. An apparatus in accordance with claim 1, wherein the 
means for producing a magnetic flux asymmetry further 
comprises: 

first and second field coils, wherein the inner flux return 
is disposed between the first and Second field coils So 
that it couples with a magnetic flux produced by the 
first and Second field coils to produce the axial force on 
the shaft in response to the first and Second field coils 
being energized to different ampere-turns levels rela 
tive to each other. 

14. An apparatus in accordance with claim 1, wherein the 
outer flux return acts in opposition to the axial force pro 
duced on the Shaft via interconnecting Structural elements. 

15. An apparatus in accordance with claim 1, wherein the 
homopolar machine further comprises: 

a plurality of Stator-current collector arrays mounted to 
the Outer flux return that encircle the armature assem 
bly. 

16. An apparatus in accordance with claim 15, wherein 
the armature assembly comprises a plurality of armature 
conductor turns, and wherein the Stator-current collector 
arrays are configured So that electric current is distributed to 
each armature conductor turn Substantially uniform around 
a circumference of the armature assembly. 

17. An apparatus in accordance with claim 16, wherein 
each Stator-current collector array comprises a plurality of 
Stator conductor turns and a plurality of current collectors, 
and wherein the current collectors provide a sliding electri 
cal current interface with the armature conductor turns So 
that electric current flows in Series Successively from each 
armature conductor turn to each Stator conductor turn. 

18. An apparatus in accordance with claim 1, wherein the 
armature assembly and the outer flux return are configured 
to direct magnetic field lines in a direction that passes 
Substantially at right angles to current flow in most of a 
Volume occupied by the armature assembly. 

19. An apparatus in accordance with claim 1, wherein the 
armature assembly and the outer flux return are configured 
in a cylindrical geometry to share a common central geo 
metric axis which is coincident with a rotational axis of the 
shaft. 

20. An apparatus in accordance with claim 1, wherein the 
homopolar machine is configured to operate as a motor. 

21. An apparatus in accordance with claim 1, wherein the 
homopolar machine is configured to operate as a generator. 

22. A method of operating a homopolar machine, com 
prising: 

rotating an armature assembly coupled to a shaft wherein 
the Shaft rotates with the armature assembly; 

energizing a first field coil in the homopolar machine to a 
first excitation level to generate a first magnetic field 
through the armature assembly and an inner flux return 
coupled to the shaft, and 

energizing a Second field coil in the homopolar machine 
to a Second excitation level to generate a Second 
magnetic field through the armature assembly and the 
inner flux return wherein the Second excitation level is 
different than the first excitation level for producing a 
magnetic field asymmetry within the inner flux return 
that generates an axial force on the shaft to compensate 
an external axial force imposed on the Shaft against a 
thrust bearing. 

23. A method in accordance with claim 22, wherein the 
axial force on the shaft relieves at least a portion of a thrust 
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bearing load that is borne by a thrust bearing associated with 
the shaft of the homopolar machine. 

24. A method in accordance with claim 22, further com 
prising: 

establishing an inner flux return coupled to the Shaft of the 
homopolar machine on which at least a portion of the 
axial force is produced by the magnetic field asymme 
try. 

25. A method in accordance with claim 22, further com 
prising: 

initially energizing both the first and Second field coils in 
the homopolar machine to an initial excitation level. 

26. A method in accordance with claim 25, wherein: 

1O 

14 
the homopolar machine to a first excitation level com 

prises raising the first field coil from the initial excita 
tion level to the first excitation level; and 

the Step of energizing a Second field coil in the homopolar 
machine to a Second excitation level comprises lower 
ing the Second field coil from the initial excitation level 
to the Second excitation level. 

27. A method in accordance with claim 26, wherein the 
initial excitation level is Substantially centered between the 
first and Second excitation levels So that an integrated 
magnetic field-length product through an armature assembly 
of the homopolar machine remains Substantially constant. 

k k k k k 


